Objective. To examine associations between imaging characteristics of compressive lesions and patient outcomes after lumbar transforaminal epidural steroid injections (TFESIs) stratified by steroid formulation (solution versus suspension).
Introduction
Although transforaminal epidural steroid injections (TFESIs) have demonstrable clinical effectiveness as a therapy for radicular pain, they are not universally successful in relieving pain or promoting functional recovery [1] . Small studies have suggested an association between the degree of neural compression and outcomes following TFESI, with patients having greater degrees of neural compression less likely to achieve categorical outcomes for pain relief and functional recovery [2, 3] .
These studies examined only patients with disc herniations as the compressive lesions, using the steroid suspension triamcinolone as the injected agent. There are no studies on TFESI effectiveness examining the degree of neural compression with stratification by disc herniation versus fixed stenotic lesions, nor stratification of such imaging information by the type of corticosteroid used.
The steroid solution dexamethasone has a superior safety profile versus suspension formulations, as it cannot act as an embolic agent, and does not induce red blood cell aggregation [4] . A U.S. Food and Drug Association Safe Use Initiative consensus statement of 13 specialty societies has recommended dexamethasone as the initial, but not exclusive, agent for use in lumbar TFESI [5] . A better understanding of the effectiveness of lumbar TFESI in patients with varying compressive lesions, using different steroid formulations, is important to inform appropriate use.
We have previously demonstrated the non-inferiority of the non-particulate steroid solution dexamethasone in comparison with the particulate steroid suspensions betamethasone and triamcinolone in a retrospective review of prospectively collected outcomes data in a large cohort of 3,645 lumbar TFESI [6] . The existing outcomes data on this cohort, and the availability of archived imaging, affords the opportunity to examine the associations between the degree of neural compression, the nature of the compressive lesion, and the corticosteroid formulation used on the effectiveness of TFESI. These questions constitute the objectives of this study.
Methods
Institutional Review Board approval with waived consent was obtained for this Health Insurance Portability and Accountability Act-compliant retrospective study of prospectively collected outcomes data. The study cohort consisted of 3,645 consecutive lumbar TFESI performed in 2,634 patients using dexamethasone, betamethasone, or triamcinolone as the injected steroid. All patients presented with radicular pain, with or without radiculopathy. The cohort included patients with neural compression due to disc herniations, fixed central canal, lateral recess or foraminal stenosis (due to osteophyte formation or central buckling of the ligamentum flavum), a combination of fixed stenosis and disc herniation, synovial cysts, epidural fibrosis, or no discernable neural compression. Patient outcomes were assessed by a 0-10 Numerical Rating Scale of pain (NRS), and the 23-point modification of the Roland -Morris disability questionnaire (R-M) immediately prior to the procedure, and at 2 weeks and 2 months follow up as previously described [6] . The injection procedures were performed in accordance with the Spine Intervention Society procedural guidelines [7] using previously reported medication doses of particulate steroid suspensions (betamethasone, triamcinolone) and the non-particulate steroid solution (dexamethasone) [6] .
A sample (N ¼ 516) was chosen from this cohort for review of pre-procedure imaging. Cases were selected for which there was complete follow up data. If there were multiple injections on a patient in the dataset available for sampling, only the initial injection was used; no repeat injections were included. The sampling rationale is described below under statistical analysis.
The archived advanced imaging study(s) that most closely preceded the injection procedure (CT, CT/myelography, or MRI) were anonymized and distributed to the subspecialty certified neuroradiologists who reviewed the cases (FED, TJK, JTW, TPM). All reviewers actively perform TFESI procedures and have 5, 11, 21, and 29 years of post-residency imaging experience, respectively. Prior to review, the parameters to be extracted from the review were carefully defined. The imaging data was based on review by a single highly experienced reader, with no testing of inter or intra-rater reliability.
The medical record was examined to determine and record the spinal nerve being targeted by the injection procedure. The nature of the neural compressive lesion impinging on the targeted nerve was categorized as 1) disc herniation, 2) fixed lesion, 3) combination of fixed lesion and disc herniation, 4) synovial cyst, 5) combination of disc and synovial cyst, 6) combination of fixed lesion and synovial cyst, 7) epidural fibrosis, or 8) no compressive lesion. The degree of neural compression caused by these lesion(s) was categorized in the manner of Ghahreman and colleagues [2] as 1) neural contact, 2) neural displacement with preserved cerebrospinal fluid (CSF) or epidural fat, 3) neural displacement with obliterated CSF or epidural fat, and 4) neural distortion. The assessment occurred in all available planes and the worst degree of compression recorded. The illustrations from Ghahreman and colleagues [2] were available in the electronic data scoring system for comparison while reviewing the imaging.
To identify patients in whom there was a tandem compressive lesion, the reviewers recorded whether there was a moderate or severe (grade 3 or 4 as noted above) compression of the target neural tissue in the central canal or lateral recess within the lumbar spine proximal to the dominant neural compression targeted by the injection (Figure 1 ).
Statistical Analysis
The number of imaging datasets to be sampled was based on balancing resources required to retrieve and review the archived imaging datasets with the statistical precision of the estimated 2-month success rate (i.e., the binomial confidence interval (CI) precision, as quantified as its half-width, for binary response proportions ranging from 10% to 50%). Based on this analysis, sampling 400 datasets was determined to be feasible with adequate precision (6 5 percentage points). In order to account for dexamethasone cases only being readily available after 2010, we oversampled the dexamethasone cases by including all cases with complete data. The final sample size was 516 cases. Percent change in NRS or R-M was calculated from baseline to 2 months post-procedure, and categorized as favorable outcomes (responders 50% improvement for NRS, or 40% improvement for R-M). Demographic and procedural characteristics were compared between the image-reviewed subset and the remaining cohort using Chi-squared tests and t-tests. Proportions of favorable NRS and R-M outcomes by imaging characteristics or steroid type were tested using Chi-squared tests, with 95% confidence intervals also reported.
Multivariable logistic regression models using all imaging characteristics as predictors of favorable outcome, adjusted for age, baseline pain, chronicity of pain (greater than 1 year), and steroid type were used to examine the image characteristic effects simultaneously. Interaction effects of steroid type with all imaging characteristics were considered and then removed if non-significant. For interpretability and statistical power limitations, only disc or fixed lesion subjects were used for the (A) Axial T2 weighted MRI at L5-S1 disc demonstrates right lateral recess compromise affecting traversing S1 nerve (arrow). (B) Axial T2 weighted MRI at L2 shows severe central canal compromise, also demonstrated (arrow) on sagittal T2 weighted MRI (C).
Case 2. Patient with left L4 distribution radicular pain.
Sagittal T1 weighted MRI (D) shows left L4 foraminal stenosis (arrow), further characterized as a foraminal disc extrusion (arrows) displacing the exiting L4 nerve on consecutive T2 weighted axial images at the L4 disc level (E, F). Axial T2 weighted MRI at the more proximal L3 disc (G) demonstrates left lateral recess compromise also compressing the traversing L4 nerve (arrow). multivariable models. All statistical analyses were performed using SAS (version 9.4; Cary, NC). Statistical significance was defined as P value < 0.05.
Results

Demographics and Imaging
The demographic profiles of the patients whose advanced imaging were reviewed and that of the cohort from which they were selected is seen in Table 1 . There were no statistically significant differences in these two groups. Of the sample of 516 patients, 470 had only an MRI examination for review, 34 had a CT scan only, 7 had an MRI and CT, and 5 had an MRI and a CT/ myelogram. Table 2 shows the association of 2-month categorical outcomes for pain relief and functional recovery (50% NRS improvement, 40% R-M improvement) with the nature of the steroid formulation for the current study cohort of 516 injection procedures. The association mirrors the previously reported [6] total cohort of 3,645 injections, with the non-particulate solution dexamethasone resulting in greater improvements in pain relief (not statistically significant) and functional recovery (P ¼ 0.034) than the particulate suspensions.
Tandem Lesions
The association between categorical outcomes in pain relief and functional recovery and the presence of tandem compressive lesions is shown in Table 3 . The presence of a tandem lesion resulted in a lesser proportion 
Nature of Compressive Lesion
Disc herniations were present in only one-third (34%) of radicular pain patients undergoing TFESI in this sample. More than half of patients (53%) had a fixed lesion (36%) or a combination of disc herniation and a fixed lesion (17%). In analysis of the association of the nature of the compressive lesion with TFESI outcomes, the eight categories described above in the methods section were collapsed to five categories. The "other" category included the small number of synovial cyst (alone or in combination with a disc or fixed lesion) and epidural fibrosis patients. The results are displayed in Table 4 .
There was a significant association between the nature of the compressive lesion and functional recovery. There were greater functional improvements in patients with a disc herniation as the only compressive lesion when compared with fixed lesions (P ¼ 0.006). Patients with combined disc herniations and fixed lesions did less well in functional recovery than disc herniation patients, although there was slight overlap of the 95% confidence intervals. Fixed lesions and combined disc and fixed lesions were indistinguishable with regard to functional recovery. Patients in the "other" category also had less functional improvement than those with only disc herniations, though there was slight overlap in the 95% confidence intervals. For pain relief, the percentage of responders was highest in disc herniation patients, followed by those with disc herniations and fixed lesions, then those with fixed lesions, and least in those with other pathology, although without statistical significance in the distributions and considerable overlap of confidence intervals. Patients with no compressive lesion had a similar proportion of responders to disc herniations, for both pain and functional outcomes, with broad overlap of 95% confidence intervals. The analysis was also performed excluding the heterogeneous "other" category; there was no change in the above noted results.
Degree of Neural Compression
The association between categorical outcomes and the degree of neural compression is shown in Table 5 .
There was a significant association between the categorical outcome of pain relief and the degree of neural compression. Patients whose imaging exhibited grade 3 compression (neural displacement with obliterated fat/ CSF) had the greatest proportion of responders, followed by grade 2, grade 4, and grade1 with the lowest response rate. A similar relationship was seen for functional recovery, with patients exhibiting grade 2 and 3 compression having the highest proportion of responders, though this did not reach significance. When the sample was stratified by either disc herniations or fixed lesions alone, there was no association between outcomes and the degree of compression. 
Steroid Formulation
For the association between steroid formulation used and the nature of the compressive lesion, in order to simplify the comparison, only the "disc herniation" and "fixed lesion" categories of neural compressive lesions were examined. The results are shown in Table 6 . In patients with fixed compressive lesions, the non-particulate steroid dexamethasone was associated with a higher proportion of responders for pain relief than the particulate steroids (P ¼ 0.01). A similar trend was seen with functional recovery, with more dexamethasone patients with fixed lesions achieving responder status, at the margin of statistical significance (P ¼ 0.06). For disc herniations, a higher proportion of responders was seen with the particulate steroids, but this was not statistically significant. Table 7 demonstrates that there was no significant association between the degree of neural compression and the nature of the corticosteroid used on responder rates for pain relief or functional recovery. This was tested further by combining the two lesser [1, 2] and higher grades [3,4] of compression; no significant association was seen in this comparison. Table 8 shows the association of the presence of a tandem compressive lesion and the nature of the steroid formulation on responder status. In patients with tandem compressive lesions there was no association between the steroid formulation and responder status for pain or functional recovery. In patients without tandem lesions, those who received dexamethasone were more likely to achieve 40% improvement in R-M scores than those who received particulate steroids, mirroring the results of the whole cohort (Table 2) , with again slight overlap of 95% CI. There was no significant difference in the proportion of responders for pain relief.
Discussion
This retrospective analysis of prospectively collected outcomes data demonstrates several associations between imaging characteristics of the compressive lesion and clinical outcomes that may shape the utilization of TFESI. Patients with disc herniations as the compressive lesion were more likely to respond well in functional recovery than those with fixed lesions; combined disc and fixed lesions were intermediate in the proportion of responders. However, patients with fixed compressive lesions were more likely to respond to dexamethasone than steroid suspensions. Surprisingly, the proportion of responders for both pain and functional recover was greatest with a moderately severe (grade 3 out of 4) degree of compression. Patients with tandem lesions had a lower proportion of responders for pain outcome measures.
Tandem stenosis, usually referring to simultaneous cervical and lumbar central canal stenosis, is a well-described entity [8] . We are not aware of a study examining tandem lumbar compressive lesions in radicular pain patients. These patients had a lesser likelihood of achieving successful pain relief and a trend toward lesser functional recovery. Recognition of this association may suggest damping expectations for response to TFESI and earlier surgical consultation in this patient population.
No previous study has segregated lumbar TFESI outcomes by the nature of the compressive lesion. The controlled studies demonstrating the best outcomes following TFESI [2,9] addressed exclusively disc herniations as the compressive lesion. The population for the current and previous outcomes studies from our institution [6, 10] of lumbar TFESI included radicular pain patients with both disc herniations and fixed lesions, alone or in combination. As disc herniations alone were present in only one-third of patients presenting for TFESI in the study cohort, it is important to understand the associations between the nature of the lesion and outcomes. The present study suggests that a higher proportion of disc herniation patients will respond to TFESI, especially in functional recovery, when compared to patients with fixed lesions. This likely reflects the favorable natural history of disc herniations, with resorption of disc material by the induced inflammatory response. Patients with fixed lesions causing radicular pain, however, achieved better rates of clinical response to TFESI when the nonparticulate steroid solution dexamethasone was used, rather than a steroid suspension. As Table 6 demonstrates, in patients with fixed lesions receiving dexamethasone, 59% were responders for pain relief and 46% for functional recovery; this was indistinguishable from the outcomes for all disc herniation patients. Utilization of TFESI with dexamethasone is a reasonable therapeutic option in patients with radicular pain due to fixed lesions. The significantly higher proportion of responders among patients with fixed lesions receiving dexamethasone versus particulate steroid suspensions could be related to better penetration and distribution of the solution versus the suspension formulation, although this is hypothetical.
There is variability in the literature regarding TFESI response rates versus the degree of neural compression. The studies of Ghahreman [2] and Choi [3] demonstrated a significant association between the degree of neural compression and TFESI response rates, with patients having greater degrees of compression doing less well. Lee and colleagues, however, saw no significant relationship between the grade of neural compression and TFESI outcomes [11] . The rationale for the use of TFESI is based on the inflammatory response associated with neural compression, well demonstrated in disc herniations [12] and also seen in fixed stenosis [13] . This is reinforced by the recent study of Tak and colleagues examining radicular pain patients who had all undergone gadolinium enhanced MRIs prior to TFESI; those patients in which the target neural element exhibited enhancement, indicating an inflammatory breakdown of the blood-nerve barrier, had a significantly greater decrease in mean pain and disability scores [14] . Our study showed the best response rates in grade 2 and 3 compression (out of 4), and this could reflect greater inflammation relative to mechanical compression in these patient groups. When lesions were stratified by the degree of neural compression, the patients receiving dexamethasone had higher response rates for both pain relief and functional recovery in grades 2-4, but this did not reach statistical significance.
The study has weaknesses. It was retrospective in design, but used prospectively collected data; the entire cohort consisted of consecutive patients. Follow-up was limited to 2 months. Sample sizes were small when analyzing outcomes by more than one subgroup. Appropriate statistical adjustments for known confounders were underpowered in multivariable analysis in disc or fixed lesions only analyses. The sampling process may have introduced bias, as the dexamethasone cases were oversampled to provide sufficient numbers for analysis, and these cases occurred chronologically later in time. This concern was previously addressed by subgroup analysis in a study on this entire cohort and no bias was identified [6] . The sampling could also have introduced bias by selecting for cases with complete follow up data. We have previously performed a sensitivity analysis on our TFESI cohort; males, younger subjects, and those with sub-acute pain (<3 months) were more likely to be lost to follow up [10] . Sub-acute pain, and to a lesser extent male gender, were predictors of favorable outcomes; hence the current sample (51% with chronic pain, 42% male gender) does not likely overestimate success rates [10] . Although there was no analysis of inter-reader reliability in the review of imaging findings, all the reviewers were experienced neuroradiologists actively involved in clinical advanced lumbar imaging interpretations and the performance of interventional spine procedures.
Conclusion
Disc herniations constituted a minority of the compressive lesions identified in patients with radicular pain in this patient sample; most patients had fixed lesions or a combination of disc herniations and fixed lesions. This study demonstrates that radicular pain patients with disc herniations have higher rates of functional recovery response to TFESI than those with fixed lesions. However, patients with radicular pain due to fixed stenotic lesions undergoing TFESI using the steroid solution dexamethasone had better pain response rates (with a corresponding trend for functional recovery) than with particulate steroid suspensions. The response rates for fixed lesions treated with dexamethasone were indistinguishable from the response rates for disc herniations.
Patients with radicular pain and tandem lesions affecting the neural element within the lumbar spine had lower response rates for pain relief than those with single segment compressive lesions. These associations can inform the expectations of outcomes in subgroups of patients undergoing lumbar TFESI.
